ABSTRACT To understand how mutations in thick filament proteins such as cardiac myosin binding protein-C or titin, cause familial hypertrophic cardiomyopathies, it is important to determine the structure of the cardiac thick filament. Techniques for the genetic manipulation of the zebrafish are well established and it has become a major model for the study of the cardiovascular system. Our goal is to develop zebrafish as an alternative system to the mammalian heart model for the study of the structure of the cardiac thick filaments and the proteins that form it. We have successfully isolated thick filaments from zebrafish cardiac muscle, using a procedure similar to those for mammalian heart, and analyzed their structure by negative-staining and electron microscopy. The isolated filaments appear well ordered with the characteristic 42.9 nm quasi-helical repeat of the myosin heads expected from x-ray diffraction. We have performed single particle image analysis on the collected electron microscopy images for the C-zone region of these filaments and obtained a three-dimensional reconstruction at 3.5 nm resolution. This reconstruction reveals structure similar to the mammalian thick filament, and demonstrates that zebrafish may provide a useful model for the study of the changes in the cardiac thick filament associated with disease processes.
INTRODUCTION
Cardiac muscle differs from skeletal muscle in a number of important physiological properties. These differences include its high resting tension, steep relationship between active force and sarcomere length (Frank-Starling relation) (1) , and modulatory regulation by phosphorylation (2) (3) (4) (5) .
Evidence suggests that at least some of these differences may relate to the structure of the cardiac thick filament and its cross-bridges (6) (7) (8) or accessory proteins (2) (3) (4) (5) (7) (8) (9) (10) (11) . In addition to myosin, at least 6-10 other accessory proteins are present in the vertebrate striated muscle thick filament. These proteins are thought to be responsible for 11 transverse stripes at 42.9-nm axial spacings across each half of the A-band (12, 13) . Of these, myosin binding protein-C (MyBP-C) appears to be present in the largest amount, while other accessory proteins are present in smaller amounts (12, 14) . Also, the M-band proteins (15, 16) and the giant elastic protein titin (17) (18) (19) (20) are associated with the filament and may play an important role in maintaining the integrity of the sarcomere.
Recent studies show that mutations in myosin and thickfilament-associated proteins such as cardiac myosin binding protein C (cMyBP-C) are a major cause of familial hypertrophic cardiomyopathy (21, 22) . This underscores the importance of understanding the structure of the cardiac thick filament. Recent interest has focused on cMyBP-C, which has both structural and regulatory roles in cardiac muscle (for reviews, see Winegrad (23) and Flashman et al. (24) ). It consists of 11 domains numbered C0 to C10 from the N-terminal to the C-terminal. Binding sites for myosin S2 and actin are present at its N-terminal and sites for light meromyosin and titin binding at its C-terminal (25) (26) (27) . Interactions with both myosin-S2 and the actin thin filament have been implicated in its regulatory function (28) (29) (30) (31) (32) (33) (34) (35) . Although physiological data clearly indicates an important role for cMyBP-C in regulation of normal cardiac muscle contraction (9) (10) (11) 36 ), the precise mechanism by which it influences contractile kinetics is still unclear.
To understand how cardiac muscle works, both the structural arrangement and functional role of the proteins in the thick filament must be elucidated. One approach is to compare the normal structure of the cardiac thick filament to that of filaments in which the proteins have been genetically modified. Techniques have been developed for the isolation of cardiac thick filaments from mammalian models such as mouse, rabbit, and human (37) (38) (39) (40) (41) (42) . However, the ability to genetically modify the thick filament proteins in these species is limited by their longer developmental periods as well as ethical considerations. Therefore, the aim of this project is to develop zebrafish as an alternative system to the mammalian heart model for study of the structure of the cardiac thick filament and the proteins that form it.
Within recent years, zebrafish has become a leading vertebrate model system for the study of cardiovascular system development and the role of cardiovascular proteins in its function (43) (44) (45) (46) . Its genome has been largely sequenced and techniques for its genetic manipulation are well established (43) (44) (45) (46) . In addition, it is readily accessible, of low cost, and has a rapid reproduction cycle. Although more primitive than mammalian heart, the development of the zebrafish heart has been shown to have many parallels with the early development of the human heart (45, 46) . The zebrafish heart at 29 h postfertilization is similar to the human heart at three weeks development (45, 46) . Many of the sarcomeric proteins including myosin and cMyBP-C of the thick filament appear to have a relatively conserved aminoacid sequence similar to the human proteins (47) . Zebrafish cMyBP-C has an m-domain with two sites that can be phosphorylated by phosphokinase A (PKA) (47) . This is similar to mammalian cMyBP-C, which also has an m-domain that can be phosphorylated by PKA in response to adrenergic stimulation (2) (3) (4) (5) .
Although the number of phosphorylation sites differs (four in mammals and two in zebrafish), the presence of these sites in zebrafish cMyBP-C suggests that it may also be regulated by phosphorylation as in the mammalian heart. This idea is supported by data showing that norepinephrine increases cardiac contractile function in zebrafish (44) as it does in mammalian systems (2) (3) (4) (5) . A similar mechanism of regulation by phosphorylation of cMyBP-C in response to adrenergic stimulation may therefore also exist in the zebrafish heart. Thus, the zebrafish heart may provide a useful alternative model to that of the mammalian thick filament for the study of the structure of the vertebrate cardiac thick filament.
Although the development of the zebrafish heart has been well studied, the structure of its cardiac thick filament has not been determined. Therefore, we have developed a procedure for the isolation of thick filaments from zebrafish cardiac muscle and examined them by electron microscopy after negative staining with uranyl acetate. We have also carried out single particle image analysis on the collected electron-microscope images of the C-zone region of these filaments and obtained a three-dimensional reconstruction at 3.5-nm resolution. The three-dimensional reconstruction shows many similarities, but also some differences from previous reconstructions of mammalian cardiac thick filaments (40) (41) (42) .
MATERIALS AND METHODS

Isolation of thick filaments
Adult zebrafish (Danio rerio) were euthanized on ice, following the UPR-MSC IACUC approved protocol. For each experiment, 15-20 hearts were collected from both sexes (average weight of 2.75 mg per heart, 0.3-mm long and 0.1-mm width for each heart), with a total weight of~41-55 mg for each preparation. Under the dissection microscope, the chest area behind the eye and the fin was removed with small dissection scissors and placed in a petri dish containing 50 mL of a Na þ mincing solution (0.1 M NaCl, 5 mM MgAc, 2 mM EGTA, and 7 mM Phosphate buffer at pH 6.8). Under higher magnification, the heart tissue was dissected from this area, collected into 50 mL of fresh Na þ mince solution. Because of the small size of the hearts, no attempt was made to separate the atrium, ventricle, and bulbous arteriosus of the hearts. The hearts were washed four times (1 per h at room temperature) in fresh mincing solution and left overnight at 4 C. The hearts were placed into 10 mL of a freshly prepared relaxing solution containing the mincing solution plus 10 mM creatine phosphate, 2.5 mM ATP, and a proteolytic inhibitor cocktail. The proteolytic inhibitor cocktail included four components: n-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK), leupeptin, aprotinin, and pepstatin A, each at a final concentration of 0.004 mg/mL in the final volume at pH 6.8 (39, 42) . The tissue was then stirred for 45 min at room temperature (~20 C) to promote full relaxation of the muscle.
Separation of the thick filaments was performed using the previously described elastase procedure for cardiac tissue (42) . Small pieces of the muscles were incubated for 3 min in a droplet containing 20 mL of pure elastase from a stock solution at a concentration of 2 mg/mL, 20 mL of trypsin inhibitor from stock solution at a concentration of 2 mg/mL, and 50 mL of relaxing solution plus the proteolytic inhibitors' cocktail. Thus, the final concentration of the elastase and trypsin inhibitors in this digestion procedure were 0.44 mg/mL each (¼ 20/90 Â 2 mg/mL). The muscle sample was then washed in two drops of relaxing solution and transferred to an Eppendorf tube (Eppendorf North America, Hauppauge, New York) containing 500 mL of fresh relaxing solution. The tube was agitated vigorously by hand for 3 min and then centrifuged at 3000 rpm (~700g) for 3 min using a model No. 5415C centrifuge (Eppendorf North America). The supernatant containing the thick filaments was used to prepare electron-microscope grids.
Negative staining
A quantity of 5-mL aliquots of the filament suspension were incubated for 30 s on thin carbon films (5-7 nm thickness) supported by 600-mesh copper grids. The grids were then rinsed sequentially with five drops of a rinsing solution (50 mM KAc, 1 mM MgAc, 1 mM EGTA, 1 mM ATP, 1 mM DTT, and 2 mM imidazole buffer, pH 6.8), negatively stained with 1% uranyl acetate containing 0.025% glycerol for 30 s and blow-dried. The glycerol facilitates the spread of the stain and may reduce specimen flattening and shrinkage.
Electron microscopy
Electron microscopy was performed at 80 kV with a model No. 1200EXII electron microscope (JEOL, Peabody, MA) fitted with a model No. HR60 high-resolution digital charge-coupled device camera (2K Â 2K; Advanced Microscopy Techniques, Woburn, MA) at a magnification of 50,000Â for lower magnification and 120,000Â for higher magnification. Magnification was calibrated using the 42.9-nm periodic repeat of the vertebrate thick filament as a reference. The filaments were photographed in areas of relatively deep negative stain to further reduce specimen flattening and shrinkage.
Assessment of filament periodicity
Thick filament images for computer image processing were visually selected for periodicity, and computed Fourier transforms were calculated as previously described in the literature (37) (38) (39) to assess the filament periodicity. For computation of Fourier transforms, the selected areas of the Czone of the filaments were floated to 2048 Â 2048 arrays. The images were straightened, rescaled, and rotated as necessary to ensure that the helical layer lines fell on the sampled lines of the fast Fourier transforms (FFTs).
Filaments were scaled to have 10 axial repeats per 1024 pixels (38) , which is equivalent to a sampling spacing of 0.419 nm/pixel. Assessment of filament periodicity was based upon the number and quality of the layer lines in the quasi-helical transforms. Only filament images with layer lines extending to the 11-12th orders or greater of the 42.9-nm axial repeat and corresponding to a resolution of 3.9-3.6 nm were selected for single particle analysis.
Single particle analysis
Single particle analysis was performed essentially as described by AlKhayat et al. (41, 42, 48, 49) . A total of 139 images with well-ordered regions
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of the C-zone region of the filaments were selected by their visual appearance and FFTs, and were oriented with their bare zones pointing vertically downward to establish similar polarity. Scaling was based upon the spacing of the 7.15-nm meridional reflection in FFTs of the selected regions. From these regions, a total of 969 particles/segments were extracted, each segment being centered on a 42.9 nm repeat and being 95.0 nm in length (just over 2 Â 42.9 nm repeats). An initial reference three-dimensional structure was calculated using C3 symmetry (threefold rotational symmetry) from a single class average of the segments. Starting from this reference, a refined three-dimensional structure was calculated from the individual segments by successive rounds of forward projection, multireference alignment, and three-dimensional reconstruction.
During the refinement, the number of segments was reduced from the 969 initial segments to the 265 used for the final reconstruction. Segments less well-ordered, or with short segments of bound actin, or with smearing of backbone information, were eliminated, as discussed in Al-Khayat et al. (42) , for the human cardiac thick filament reconstruction. In that study, we showed that inclusion of such segments reduced the overall resolution of the reconstruction. The atomic models of the myosin-head pairs from tarantula smooth muscle in the relaxed dephosphorylated state (PDB:3DTP (50) were fit into the three-dimensional map as we previously did for the reconstruction of the human cardiac thick filament (42) . Docking of the atomic model of the paired myosin heads into the density was done manually with the software PYMOL (Schrödinger, Portland, OR) as previously described for the human cardiac thick filament (42) .
RESULTS
The zebrafish heart
The major difficulty for the isolation of the thick filaments from the zebrafish heart is the extremely small size of the hearts. It was possible to isolate the individual hearts ( Fig. 1 A) by first dissecting out the thoracic region of the fish containing the heart, and then carefully dissecting the heart under higher magnification from this small piece of tissue. Because of their small size, we used the whole hearts for the preparation. Although it is possible that structural differences might exist between the filaments from the atria and ventricles, such a difference has not previously been observed for other species such as rabbit (R. W. Kensler, unpublished). In addition, Rottbauer et al. (51) have reported that the zebrafish atrial and ventricular muscles have the same regulatory light chain, which is similar to that found in the mammalian atrium. This suggests that in zebrafish the thick filaments from the atrium and ventricle may be the same or very similar. Therefore, we have not tried to further dissect the hearts, and have used the whole hearts for the preparation (Fig. 1 A, atrium (not identified) , ventricle (V), and bulbus arteriosus (B)). Unlike mammalian hearts where each heart gave sufficient tissue for several filament isolations,~15-20 zebrafish hearts were necessary for each preparation of isolated filaments.
Isolation of thick filaments
As shown in Fig. 1 , B-D, we successfully isolated thick filaments from zebrafish cardiac muscle and examined them by negative staining and electron microscopy. In the lower magnification electron micrograph (Fig. 1 B) , the isolated thick filaments appear to be periodic with the expected bipolar structure with a central bare zone and a length of 1.5-1.6 mm. At higher magnification (Fig. 1 , C and D, gallery) the isolated filaments appear well ordered with axial repeats every third cross-bridge level, which is consistent with the characteristic 42.9-nm quasi-helical repeat of the myosin heads previously observed for other vertebrate thick filaments (37-39,52-54). We also observed that the filaments have a sawtooth-staining pattern of the heads (previously shown in isolated rabbit thick filaments), showing consistence with a three-stranded arrangement of the myosin heads (38) . This pattern arises from the lack of bilateral symmetry in the odd-stranded arrangement of the myosin heads.
In addition, as described for mammalian heart (37, 40, 42) , many of the zebrafish cardiac thick filaments have a tendency to remain attached to the actin thin filaments when they are isolated. This is quite evident in the gallery of Fig. 1 C, where actin thin filaments are bound to several of the clumped filaments (black arrows). This differs from skeletal thick filaments, which seldom show this tendency (52) (53) (54) . This tendency to remain bound to actin thin filaments under relaxing conditions in the zebrafish heart, as well as in the mammalian heart, suggests that this may be a general characteristic of isolated cardiac thick filaments as compared to skeletal thick filaments. In the case of the mammalian cardiac thick filaments, we have suggested that these attachments may represent weak-binding cross-bridges, which could potentiate the next cycle of contraction in the heart (37).
Analysis of the isolated thick filaments with FFTs
To assess the periodicity of the isolated relaxed zebrafish cardiac thick filaments, and to choose the filaments to be used for single particle analysis, we calculated Fourier transforms of the C-zone regions of the filament images.
The transforms typically show a series of strong layer lines extending to at least the sixth layer line, with weaker layer lines evident up to the 11th or 12th layer lines of a 42.9-nm quasi-helical repeat (Fig. 2, A-D) . As previously observed for other vertebrate thick filaments, in addition to the meridional reflections on the third and sixth layer lines, which arise from the 14.29-nm spacing between the cross-bridge levels, the transforms also show the forbidden meridional reflections (55) corresponding to a perturbation in the cross-bridge array. These characteristics of the transforms are particularly evident by the averaging of the transforms from 15 different filaments (Fig. 2 E) . The averaged and individual transforms are consistent with those previously observed from mammalian cardiac thick filaments (37) (38) (39) (40) (41) (42) and with the x-ray diffraction pattern of relaxed vertebrate striated muscle (55) . This suggests that the zebrafish cardiac thick filaments retain the native structure with the characteristic 42.9-nm quasi-helical repeats of the myosin heads previously observed for mammalian cardiac thick filaments in the relaxed state.
Single particle analysis shows the densities of the myosin heads
Single particle analysis of the isolated zebrafish cardiac thick filaments was performed as described in Al-Khayat et al. (42) to produce a three-dimensional reconstruction of the filament at a resolution of 3.5 nm (Fig. 3) .
The resolution of the final reconstruction shown in Fig. 3 was estimated using a Fourier shell correlation (FSC) plot (solid line) obtained by comparing two independent reconstructions, each representing half the dataset of the final three-dimensional map (see Fig. S1 in the Supporting Material). Resolution was assessed with respect to the three threshold levels of 3s criteria (diamond) according to the definitions of Orlova et al. (56) , and the half-bit criteria (dashed line) according to the definitions of van Heel and Schatz (57) , and the 0.5 FSC (horizontal dot-dashed line). These three threshold levels crossed the FSC curve at 0.3 nm À1 (3.3 nm), 0.263 nm À1 (3.8 nm), and 0.227 nm
À1
(4.4 nm), respectively. This was consistent with the Fourier transform of the final three-dimensional reconstruction (see Fig. S2 ), which showed layer line reflections out to at least a weak 12th layer line (3.58 nm). It was also consistent with the Fourier transforms of the individual filaments and the averaged transform, which showed reflections out to the 12th or 13th layer lines (3.3-3.58 nm, Fig. 2, A-E) . Based upon these values, we assigned a resolution of 3.5 nm to the three-dimensional reconstruction (H. A. Al-Khayat, unpublished data).
The distribution of the viewing angles assigned to the 265 particles used for the reconstruction (see Fig. S3 ) was well filled between À59 and þ59 -sufficient to support the reliability/validity of the final three-dimensional reconstruction.
In the reconstruction (Fig. 3) , it could be seen that there was a periodic repeat every third cross-bridge level in the structure, with three cross-bridge levels constituting the repeating unit along the filament axis.
Three major densities were present at each of the three cross-bridge levels. These densities lay along three quasihelical strands, which wind around the filament axis. The size of these densities was consistent with their each containing one of the three pairs of myosin heads present at each cross-bridge level. The projecting densities on Levels 1 and 3 were clearly observed as a triangular-shaped motif consistent with the myosin-head arrangements previously found for reconstructions of both the mouse (40) and human (42) cardiac thick filaments (40, 42) . This is illustrated in Fig. 3 (and Fig. S4 B and Fig. S5 A) , where these densities at Levels 1 and 3 along one strand are indicated by the pink and blue shading. This triangular motif appears consistent with the off-state configuration of the pairs of heads found by Wendt et al. (58) for smooth muscle myosin.
On Level 2, the base of the triangular motif was also observed (Fig. 3 , and see Fig. S4 B, and Fig. S5 A) , but the density was not as well defined as those at Levels 1 and 3. This is similar to the reconstructions of both the mouse (40) and human (42) Intermolecular interactions between the three crown levels within a 42.9-nm axial repeat
Having identified the projecting densities attributed to the myosin heads, we then fit the atomic model of the myosin-head pairs from the tarantula smooth muscle in the relaxed dephosphorylated state (PDB:3DTP (50)) into the three-dimensional map (Figs. 4 A, and see Fig. S4 C and Fig. S5 B) , just as we did for the reconstruction of the human cardiac thick filament (42) .
The S2 part of the atomic model was excluded because the density corresponding to the S2 region was not as well defined in the zebrafish reconstruction as in our human filament reconstruction (42) . Therefore, accurate fitting of the S2-region without ambiguity was not possible.
The model from Alamo et al. (50) of the paired heads (see Fig. S4 A) fit easily within the triangular-shaped myosin densities on Levels 1 and 3 ( Fig. 4 A and see Fig. S4 C and Fig. S5 B) . Although we used separate fitting of the heads in the human filament reconstruction (42), this was not necessary in the zebrafish reconstruction for the heads at Levels 1 and 3. The motor domains of the paired myosin heads also fit well within the basal part of the densities on Level 2 (Fig. 4 A and see Fig. S4 C and Fig. S5 B) . However, Biophysical Journal 106 (8) 1671-1680 the fitting of the lever arm parts of the myosin-head pairs on Level 2 to the densities was not as good. Attempts to separately fit the myosin heads to the densities at Level 2 did not improve the fit.
A similar poor fitting of the smooth muscle atomic model into the densities at Level 2 (Level 3 in the nomenclature of Zoghbi et al. (40)) was also seen in previous reconstructions of both the mouse and human cardiac filaments (40, 42) . In the case of both the mouse and human filaments, the poorer fit of the myosin atomic model to the densities at this level was attributed to greater mobility of the heads (40, 42) , and a similar explanation is likely for the zebrafish filament. The poorer fitting of the myosin atomic model to the myosin densities at Level 2 in the zebrafish reconstruction is thus unlikely to be due to disorder in the filament or a problem in the validity of the reconstruction.
Following the fitting of the atomic coordinates of the myosin-head pairs' atomic model into the projecting densities, we examined the axial spacing, angular rise (rotational angle), and the intermolecular interactions between the myosin-head pairs on adjacent crown levels. The axial spacing and angular rise between levels were 13.2 nm and 62
for Levels 1 and 2; 14.9 nm and 50 for Levels 2 and 3; and 14.8 nm and 8
for Levels 3 and 1, respectively. These values clearly indicate that the zebrafish cardiac thick filament has both axial and azimuthal perturbations from a true helical arrangement of the myosin heads, like all other vertebrate striated muscle thick filaments previously examined (37) (38) (39) (40) (41) (42) (52) (53) (54) . This deviation from the constant 14.29-nm axial spacing and 40 angular rise between cross-bridge levels expected for a true helical arrangement is consistent with the presence of the forbidden meridional reflections observed in the Fourier transforms.
No intermolecular interaction was observed between the pairs of heads on Levels 1 and 2, or between those at Levels 2 and 3 (Fig. 4 , A-C, and see Fig. S4 A and Fig. S5 B) . This is in contrast to the human cardiac thick filament in which interaction between the heads at Levels 2 and 3 was observed (42) . However, there is an interaction between the motor domain of the free head of Level 1 with the regulatory light chain (RLC) of the blocked head on Level 3 below it (Fig. 4 , B and C, and see Fig. S4 A and Fig. S5 B) . This is the same type of interaction as was observed in human, but appears as a stronger interaction compared to human (42) . A similar interaction also appears to be present in the reconstruction of the mouse cardiac filament (40) , although the authors did not describe it. This raises the interesting possibility that phosphorylation by PKA of the RLC at Level 3 in all these filaments could affect intermolecular myosin-head arrangement at these levels. The location of RLC on Level 3 after fitting of the atomic model within the map was on the outside of the map-thus making it a likely target for phosphorylation. This idea, while speculative, would be consistent with the earlier evidence in skeletal muscle that phosphorylation of the RLC can affect cross-bridge arrangement (59) .
The lack of intermolecular interaction observed between Levels 1 and 2, and between Levels 2 and 3, likely results from the relatively large angular rise of 62 between Levels 1 and 2, and 50
between Levels 2 and 3, respectively. The large angular rotations between these cross-bridge levels serve to separate the heads at one level from those at the adjacent level, and reduce the probability of intermolecular interaction. In contrast, the quite small angular rise of 8 between Levels 3 and 1 brings the head pairs at these levels into close proximity, thus facilitating the observed intermolecular interaction.
In addition to the variations in axial and angular displacements between adjacent levels, the head pairs also exhibit a variation in their tilt. Here, it is þ5 in the anticlockwise direction, viewed from outside the filament, in going from Level 1 to 2; þ7 in the anticlockwise direction in going from Level 2 to 3; and À12
in the clockwise direction in going from Level 3 to 1. (Note that if the alternative nomenclature used in Al-Khayat et al. (42) (see Fig. S9C in AlKhayat (42) for definition of the head tilt angle) were used here, the angles would be À5
, À7 , and þ12 , respectively.)
Densities in the reconstruction corresponding to cMyBP-C and titin
In addition to the densities corresponding to the paired myosin heads, we observed three smaller densities adjacent to the myosin-head densities on Level 1 (Fig. 4 D and see Fig. S4 D and Fig. S5 A, red arrows). These three densities can also be seen at different angles of rotation at crossbridge Level 1 in Fig. 3 . These densities, with a diameter of~4 nm, appear to lie on the filament backbone and may correspond to domains C8-C10 of the C-terminal part of cMyBP-C, as was previously suggested in both the mouse and human cardiac thick filaments' three-dimensional maps (40, 42) . Extra density at Level 1, which could be attributed to cMyBP-C, was also present in cross-sections of the reconstruction (Fig. 4 E, red arrow) . This extra density was absent at Levels 2 and 3 ( Fig. 4 E) consistent with this extra density corresponding to cMyBP-C. We also observed extra densities each~4 nm in diameter axially along the filament backbone, which we attribute to titin domains (Fig. 4 E, yellow arrows) . However, because the resolution of the current reconstruction is lower than that of the human myosin filament three-dimensional map of 2.8 nm, these domains, although they were visible in some regions, were not as well resolved in high detail as those in the human three-dimensional reconstruction (42) . The presence of the three densities for cMyBP-C, as well as the other densities 4 nm in diameter that may correspond to titin, is consistent with the 4-nm beaded backbone structure that we previously demonstrated by two-dimensional Fourier filtering of rabbit cardiac thick filaments (60) . This beaded structure was correlated with the strong 11th layer line meridional reflection present in Fourier transforms of the isolated rabbit cardiac thick filament. The strong 11th layer line meridional reflection also present in Fourier transforms of the zebrafish (Fig. 2) may have a similar origin. Although most of the contribution to this reflection is likely to be from titin (39), the similar-size domains of cMyBP-C may also contribute to it.
DISCUSSION
Zebrafish as an alternative model to mammalian systems for analysis of cardiac thick filament structure
We have demonstrated that cardiac thick filaments from the adult zebrafish can be isolated and studied by electron microscopy and image analysis, as was done for mammalian filaments (37) (38) (39) (40) (41) (42) . The thick filaments appear very similar in structure to the mammalian cardiac thick filaments isolated from mice (39, 40) , rabbits (37, 38, 41) , and humans (42) . Like the mammalian filaments, the zebrafish filaments under relaxing conditions display a highly ordered quasihelical arrangement of the myosin heads with an axial repeat every third cross-bridge level (42.9 nm).
These similarities in structure between the zebrafish and the mammalian cardiac thick filament suggest that the zebrafish heart may provide a useful alternative model to that of the mammalian heart for the study of the structure of the vertebrate cardiac thick filament. Zebrafish have become an important genetic model for the study of cardiovascular function and development (43) (44) (45) (46) , and cardiomyopathies (61) . Procedures for genetic manipulation are well established (43) (44) (45) (46) and zebrafish lines with mutations in various skeletal and cardiac muscle proteins including cMyBP-C and myosin are already available (Zebrafish International Resource Center, Eugene, OR). These mutant fish lines are a major resource for the study of cardiomyopathies resulting from mutations in various thick-filamentassociated proteins. Using structural techniques similar to that used for analysis of the cMyBP-C knockout mouse Biophysical Journal 106(8) 1671-1680 (39) will allow the effect of mutations in thick-filamentassociated proteins to be elucidated. The isolation technique and analysis of the structure of the native zebrafish cardiac thick filament demonstrated here provides an initial step toward the comparison of the normal structure with that of thick filaments isolated from the mutant lines.
Single particle analysis of the zebrafish cardiac thick filament Earlier reconstructions of frog and fish skeletal muscle thick filaments (49, 52, 62) clearly established the presence of the three myosin-head pair densities at each cross-bridge level. However, these reconstructions were not of high enough resolution to allow the precise fitting of the atomic model of the myosin heads to the reconstruction. These reconstructions (49, 52, 62) , as well as more recent reconstructions of the rabbit (41) and mouse (40) cardiac thick filaments, also did not examine possible intermolecular interactions between the heads at adjacent cross-bridge levels.
Although of slightly lower resolution (3.5 vs. 2.8 nm) than our recent reconstruction of the human cardiac thick filament (42) , the zebrafish reconstruction confirmed details about both the intramolecular and intermolecular interactions of the myosin heads, as well as aspects of the backbone structure seen in our human cardiac thick filament reconstruction (42) .
The triangular-shaped motif of the myosin-head pair densities and the good fit of the myosin-head pair atomic coordinates to the myosin densities at Levels 1 and 3 in the zebrafish reconstruction further affirm that the off-state configuration of the myosin-head pairs (50, 58, 63 ) is a widespread conformation of the head pairs in the relaxed state. It has been suggested that this conformation with a free and blocked head arrangement may contribute to the relaxed state of the filament (42, 50, 58, 63) .
In addition, as in our recent reconstruction of the human cardiac thick filament (42), we were able to examine whether intermolecular interactions between the heads at adjacent cross-bridge levels were present. The strong intermolecular interaction observed between the myosin heads at Levels 3 and 1 in the reconstruction of the zebrafish filament was also observed in the higher-resolution human thick filament reconstruction (42) . However, we did not observe the interaction between the heads at Levels 2 and 3 that was present in the human cardiac thick filament reconstruction (42) . The significance of this difference between the human and zebrafish cardiac thick filaments is not clear at present. Because the RLC for zebrafish appears similar to that in mammalian atrium (51) , the zebrafish thick filament may be more similar to the mammalian atrial thick filament than to the ventricular thick filament. Although no clear evidence exists that atrial and ventricular thick filaments differ in their three-dimensional structure, some caution may be required in interpreting whether the differences between the zebrafish and mammalian reconstructions are species-specific or may represent a difference between atrial-and ventricular-type thick filaments.
The zebrafish reconstruction also confirmed the presence of backbone features seen in recent reconstructions of both the human cardiac thick filament (42) and the mouse cardiac thick filament (40) . As in these recent reconstructions, we observed three densities each with a diameter of~4 nm present on the filament backbone adjacent to each of the myosin-head pairs on Level 1 in the zebrafish reconstruction. Although there is no definitive proof that these densities correspond to domains of cMyBP-C as previously suggested (40, 42) , the absence of this extra density at Levels 2 and 3 in all three reconstructions supports this interpretation. The zebrafish data thus further supports the mammalian filament data, suggesting that cMyBP-C may be longitudinally oriented along the filament, and not present as the straplike structure previously suggested (64) .
CONCLUSIONS
These results clearly show that zebrafish heart may be a useful model for studying the structure of the cardiac thick filament, particularly with the possibility of genetic manipulation of the thick filament proteins. The reconstruction of the zebrafish cardiac thick filament has numerous similarities, but also some differences from previous reconstructions of the mammalian cardiac thick filaments. This was particularly evident in comparisons of the three-dimensional reconstructions of the zebrafish and human cardiac thick filaments (42) . Whereas the axial spacings between the crossbridge levels were very similar, the angular rises between the cross-bridge levels were considerably different, resulting in differences in the azimuthal position of the myosin heads.
As of this writing, it is unclear what effect such differences may have on the contractile process in the muscle. Fish skeletal muscle has been shown to have an almost crystalline arrangement of the filaments and lacks the statistical disorder in the filaments seen in other vertebrate skeletal muscles (65) . If the fish cardiac muscle lattice is similar, then there is the possibility that these differences help to fine-tune the interactions between the thick and thin filaments for each of these muscles. This possibility warrants further investigation.
We expect to further refine the image map of the zebrafish cardiac thick filament and use it as a model for comparison with the structure of isolated thick filaments from fish-lines, which have mutations or modifications in the thick-filament-associated proteins. The final goal of our study is to obtain a better understanding of how mutations in cMyBP-C and other thick-filament-related proteins might lead to pathologies such as familial hypertrophic cardiomyopathy.
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